The present study examined the need for neutrophils and tumour necrosis factor-a (TNFa) for early defence against gut infection with the enteroinvasive, facultative intracellular bacterial pathogen, Listeria nzonocytogenes. Mice were treated with a neutrophil-depleting monoclonal antibody (MAb) or a MAb directed against TNFa, and the consequences of these treatments on the course of orally initiated infection with the pathogen were monitored. By day 3, orally initiated L. monocytogenes infection in mice treated with either MAb was severely exacerbated to the extent that up to 5000-fold more listeriae were recovered from the walls of the stomach, small intestine, caecum or large intestine of treated mice than from controls. Systemic infection resulting from the ingestion of L. monocytogenes was also severely enhanced in mice treated with these MAbs. Therefore, the results showed that neutrophils and TNFa have a critical role in the early defence against enteroinvasive L. monocytogenes infection initiated by a natural (in this case the oral) route, as well as in the control of subsequent systemic infection.
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In trod uc ti on
Listeria monocytogenes is a facultative intracellular bacterium capable of causing severe infections in man as a result primarily of the ingestion of contaminated food [I] . Mice infected experimentally by the oral route develop an enteroinvasive infection resembling that which can occur in man [2] . Consequently, murine models of orally initiated listeriosis have been used to examine various aspects of L. monoc-ytogenes enteroinvasion [3, 4] . For example, studies with mice have shown [3] that L. monocytogenes invades the gut wall preferentially via the Peyer's patches (PP) in the terminal ileum of the small intestine probably, like enteroinvasive bacteria generally [ 51, by invading specialised epithelial microfold (M) cells that overlie these lymphoid structures. Other studies with guineapigs treated with opium to inhibit peristalsis have shown that, provided it can be retained in the gut lumen, L. rnonocytogenes can also invade non-specialised enterocytes throughout the length of the small intestine [6] . Regardless of its portal of entry, L. monoc-ytogenes subsequently can multiply locally in PP and can disseminate to causc severe systemic infection [2-41.
Because L. rnonocytogenes can parasitise macrophages, host resistance to it was thought to depend mainly on specific T-cell-mediated immunity rather than on nonspecific defences [7] . This implies that, in order to kill the listeriae they ingest, macrophages must be activated by lymphokines secreted by pathogen-specific T cells. However, recent results show that non-specific defences expressed by neutrophils, and mediated by the cytokine tumour necrosis factor-a (TNFa) are critical to the control of progressive hepatic and splenic infection initiated by the parenteral inoculation of L. monocytogenes. In the absence of neutrophils or TNFa, L. monocytogenes grows unrestrictedly in the liver and spleen to overwhelm the host rapidly before T-cellmediated immunity can be generated. T-cell-mediated immunity is required to ensure the efficient resolution of L. monocytogenes infection after early defences have been activated [14] [15] [16] . To date, studies of anti-listeria defences have primarily used mice infected by parenteral routes. In contrast, the need for particular leucocytes and cytokines to combat this pathogen at its natural sites of implantation in the gut wall, thereby to prevent or impede disseminated infection, are largely unknown, and cannot be predicted from their involvement at other sites of infection. Indeed, for other enteroinvasive bacteria it has been suggested that neutrophils recruited into infectious foci in the gut wall and TNFu produced therein can damage surrounding intestinal epithelium [ 17, 181, and hence promote infection rather than antibacterial defence.
With these considerations in mind, the present study was undertaken to examine the effect on the course of orallyinitiated L. monocytogenes infection in various compartments of the gut and in the liver and spleen of depleting mice of neutrophils, or neutralising their TNK by the use of specific monoclonal antibodies (MAbs).
Materials and methods

Mice
Young adult (9-12-week-old) male CB6/F1 mice were used in all experiments. Mice were obtained from the Trudeau Institute Animal Breeding Facility, Saranac Lake, NY, USA, and were free of common viral pathogens according to routine screening procedures performed by the Research Animal Diagnostic Laboratory, University of Missouri, Columbia, USA. Animal experiments were performed in accordance with the recommendations of the National Institutes of Health Guide to the Care and use of Laboratory Animals.
Bacteria
Streptomycin-resistant strain 10403s of L. nzonoej*togenes [19] was used throughout. A stock culture of the organism was prepared in trypticase-soy broth as described previously [ 181, distributed in l-ml volumes and frozen at -70°C. To prepare oral inocula, stock vials were thawed, seeded into fresh trypticase-soy broth containing streptomycin sulphate 250 mg/L, and grown for 4 h to mid-log phase at 37°C with shaking. These cultures were harvested by centrifugation at ambient temperature and resuspended to the required dose in saline. The size of the inoculum was determined immediately before infection by a total bacterial count with a Petroff-Hauser counting chamber and dark-field microscopy, and was subsequently confirmed by plating on trypticase-soy agar containing streptomycin sulphate 250 mg/L (STSA).
Bacteria were inoculated directly into the stomachs of mice in a volume of 0.2 ml with a syringe fitted with a 19-gauge gavage needle. In preliminary studies, an intragastric inoculum of 5 X lo9 cfu (but not 5 X 10' cfu) of L. monocytogenes strain 10403s consistently established infection in mice and was, therefore, used in all subsequent experiments. This finding is not surprising given that others [3] have shown that for mice an oral dose of > lo8 cfu of the more virulent EGD strain of L. monocytogenes is needed to ensure infection. In another preliminary experiment, bacteria could not be isolated from the livers, spleens or lungs of a group of mice that had been inoculated intragastrically with L. monoeytogenes 3 h earlier. This indicates that accidental aspiration or parenteral injection of the inoculum is not a complication of the gavage procedure. Experimentally, mice were killed by cervical dislocation on various days after infection, and bacterial burdens in infected tissues were determined by plating serial 1 O-fold dilutions of organ homogenates on STSA. To enumerate bacteria, the gastrointestinal (GI) tract was removed intact, freed of connective tissue, and dissected into its component parts of stomach, small intestine, caecum, and colon. The luminal contents of each compartment were flushed out with 60 ml of sterile saline with a syringe fitted with a gavage needle which was inserted into the proximal incision produced by dissection. The first and last 10 ml of wash from each GI tract compartment were collected for bacteriological examination. Peyer's patches (PP) were dissected from the washed small intestine, and homogenised and plated separately from the remainder of this tissue. Listeriae were also enumerated in the liver and spleen as a measure of the extent of systemic dissemination of infection. Colonies were counted after incubation at 37°C for 24 h. Preliminary studies showed that in uninfected control mice, no bacteria could be cultured from any homogenised intestinal compartment or their contents on STSA even after incubation for 48 h at 37"C, and that L. urzonocj*togenes 10403s deliberately seeded into these gut homogenates was quantitatively recovered from them on STSA. In this regard, in all experiments, only colonies characteristic of L. nzouocj)togenes were recovered on STSA, and were considered to be the test pathogen.
MAbs and MAb ti-eatinents
Anti-granulocyte MAb RB6-8C5 is a rat IgG2b antibody that selectively depletes mice of neutrophils and eosinophils [20] . The hybridoma that secretes this MAb was a gift from Dr R. Coffman, DNAX Research Institute, Palo Alto, CA, USA. Hybridoma LTF.2 secretes a rat IgG2b MAb against keyhole limpet haemocyanin, and was produced at this Institute by L. Johnson et al. [21] . It was used as control MAb for experiments with RB6-8C5. Hybridoma XT3 1 1 secretes a rat IgGl MAb against mouse TNFa, and was obtained from DNAX. Hybridoma 91b secretes a rat IgG 1 MAb against horseradish peroxidase [22] and served as an irrelevant isotype-matched control for anti-TNFa MAb. This hybridoma was provided by Dr C. J. Dean, Institute of Cancer Research, Surrey. MAbs were purified from ascites fluid by ammonium sulphate precipitation followed by DEAE-ion-exchange chromatography, and MAb purity was checked by SDS-PAGE. Immunoglobulin concentrations were determined by spectrophotometry or by peak height during elution from an HPLC size-exclusion column, or both.
MAb RB6-8C5 or control MAb LTF.2, was given by intraperitoneal (i.p.) injection in 0.2 ml of saline in a dose of 0.5 mg 1 day before infection. This amount of RB6-8C5 has been shown [9, 10, 12, 201 to cause severe granulocytopenia for up to 5 days. In the present study, the extent of neutropenia was measured by examining blood and single cell suspensions of PP cells from a group of L. monoc~~togenes-infected mice on day 3 of infection for the presence of granulocytes. Neutrophils were 3 95% depleted at these sites in RB6-8C5-treated compared with control mice. AntiTNFa MAb, which had a neutralising capacity of 3.3 X lo4 neutralising units/mg by standard bioassay [ 111, and control MAb 91b were given i.p. in a dose of 0.5 nig 4 h before infection. MAb-treated mice were killed on day 3 of infection and bacteria were enumerated in their tissues as detailed above.
His to logy
Pieces of washed gut wall from mice killed on day 3 of infection were fixed in buffered formalin 10% for 24 h. Fixed tissue was dehydrated in ethanol and embedded in plastic (JB4 embedding kit; Polsciences Inc.) Thin (1-2 pm) sections were cut with glass knives, stained with MacNeal's tetrachrome, and examined with a Nikon microphot-FX light microscope.
Reproducibility and statistics
All reported experiments yielded similar results on at least two separate occasions. Because bacteria were not isolated consistently from some tissue sites examined in a group of mice, statistical analyses were performed by the Mann-Whitney rank sum test; p values < 0.05 were considered significant.
Results
Course of orally initiated listeriosis in imm unocompeten t mice
In an initial experiment, the course of listeriosis in various GI tract compartments and the livers and spleens of mice was monitored on days 1, 2, 4 and 8 of infection. The results, presented in Fig. 1 , show that most of the L. nzonocytogenes inoculum could not be recovered from the gut by one day after infection, and that what could be recovered was associated with the luminal contents and walls of all intestinal compartments. By day 1, in the body of the small intestine, listeriae were preferentially recovered from the PP rather than from the remaining wall dissected free of these structures. Thus, PP, which represent < 1% of the luminal surface of the small intestine, on average contained 80% of the listeriae associated with the wall of this compartment at this time. Listeriae persisted in small numbers, and in some cases apparently multiplied, in the various gut compartments for a few days before being eliminated rapidly between days 4 and 8. The fact that no bacteria could be cultured from any intestinal site examined on day 8 of infection, testifies to the complete inhibitory capacity of the streptomycincontaining medium used in these studies for indigenous intestinal microflora.
L. monocytogenes were isolated from the livers and spleens of some mice as early as day 1 of infection, but were not uniformly present in these organs until day 2. However, as in the gut, hepatosplenic infection had almost completely resolved by day 8. In addition to the data presented in Fig. 1 , small numbers (< 3.0 loglo cfu) of listeriae were occasionally isolated (from 5 out of 20 mice) from the stomach wall or contents during the 8-day experimental period. Clearly, an oral dose of 5 X lo9 cfu of L. monocytogenes strain 10403S, like the more virulent EGD strain [3] , represents a sublethal inoculum for immunocompetent mice.
Effect of treating mice with anti-TNFa MAb on orally initiated listeriosis
Studies by others [I 1,231 have shown that early defence against parenterally initiated systemic listeriosis depends on TNFa. However, given that TNFa can cause enteropathy [17, 24] , it is possible that in the gut this cytokine might participate in disease progression rather than antibacterial defence. With this consideration in mind, an experiment was performed to examine the effect of treating mice with anti-TNFa MAb on the course of orally initiated listeriosis. Mice treated with this MAb or a control MAb were killed on day 3 of infection and bacterial burdens were determined at various tissue sites. The results in Table 1 show that, compared to the situation in control mice, listeriosis in mice treated with TNFa-neutralising MAb was severely exacerbated at all sites examined by day 3 (p < 0.015). By this time, numerous listeriae could be washed from the intestinal lumens of the MAb-treated mice. Moreover, under these circumstances, many more listeriae were flushed out in the first 10 ml than in the last 10 ml of wash fluid. This suggests that by day 3, L. rnonocytogenes-infected inice treated with anti-TNFa MAb haboured substantial numbers of listeriae that were only loosely associated with the gut wall. However, other listeriae clearly remained firmly associated with the gut walls of these mice despite rigorous luminal washing. Overall, compared to the situation in control mice, in mice treated with antiTNFa MAb, infection was enhanced by c. 1000-fold in the stomach wall and PP, and 40-250-fold elsewhere in the gut wall. In addition to the findings in the gut, c. 1 000-fold and 10 000-fold more listeriae were recovered from the spleens and livers, respectively, of mice treated with anti-TNFa MAb than from these organs in mice treated with control MAb (p < 0.01).
The numerous listeriae that were washed from the lumina of mice treated with anti-TNFa MAb (Table 1) suggests that this pathogen will be excreted from these mice in large numbers. Therefore, coprophagy might contribute to the enhanced L. monocytogenes infection observed in mice treated with anti-TNFa-MAb. To bacteriological examination. In this experiment, listertest this possibility, mice treated with anti-TNFa MAb iae were recovered at levels similar to those reported were then either infected with L. monocytogenes or in Table 1 from all sites examined in mice deliberately left uninfected. Infected and uninfected mice were infected and treated with anti-TNFa MAb (data not co-housed and killed on day 3 of infection for shown). By contrast, no listeriae were isolated from any uninfected cohabiting mice treated with antiTNFa MAb. Thus, it seems improbable that coprophagy contributes substantially to the infectious process in immunocompromised mice.
Efect of depleting mice of neutrophils on orally initiated listeriosis
Previous studies from this laboratory [8, 9, 24, 251 Table 2 . It shows that in neutrophil-depleted mice, L. monocytogenes infection was severely exacerbated at all sites examined to the extent that, by day 3, c. 100-10000-fold more listeriae were recovered from sites of infection in these than in control mice (p < 0.02). As was the case with mice treated with anti-TNFa MAb, in neutropenic mice numerous listeriae remained associated with the gut wall following exhaustive flushing of the luminal contents.
In a complementary experiment, neutrophil-depleted, L. n-lonocytogenes-infected mice failed to infect similarly depleted cohabiting uninfected mice. Moreover, in this experiment, spleen homogenates from deliberately infected neutropenic mice plated on streptomycin-free medium only gave rise to typical L. nzonocytogenes colonies, while spleen homogenates from uninfected RB6-8C5-treated mice were sterile (data not shown). Given that some species of the normal gut flora grow well on streptomycin-free trypticase-soy agar, these findings suggest that depleting mice of neutrophils does not allow this niicroflora to breach the gut wall to establish systemic infection.
Histopathology of listeriosis in the guts of neutropenic and control mice
The results presented in Tables 1 and 2 clearly show that in immunocompromised mice, large numbers of listeriae become firmly associated with the gut wall such that they cannot be dislodged by exhaustive flushing of the gastrointestinal lumen. Conceivably, these wall-associated bacteria could be firmly attached to the gut epithelium. Alternatively, in immunocompromised mice, listeriae might invade the wall of each gut compartment to establish intramural infection. In an attempt to distinguish between these possibilities, a comprehensive histological survey of the washed gut walls of neutropenic and control mice was undertaken. Tissues from mice killed on day 3 of L. monocytogenes infection were examined. By this time, in the stomachs of neutropenic mice, listeria-like bacilli were found growing intramurally as scattered extracellular clumps (Fig. 2a) . Severe necrosis was evident in the vicinity of these sites of infection. Individual infectious foci were extensive, but rare. However, it seems reasonable to assume that the 5-6 loglo cfu of L. monocytogenes that would be expected to be firmly associated with the stomach wall at this stage of infection (Table 2) could represent a few scattered intramural microcolonies of the magnitude depicted in Fig. 2a .
In control mice, by contrast, intramural listeriae were not found in the stomach despite an exhaustive search. Of course, this finding was expected given that in these mice < 100 listeriae could be cultured from the entire stomach wall by day 3 of infection (Tables 1  and 2 ). Although listeriae were not found, rare focal accumulations of granulocytes were found in the stomach mucosa in control mice (Fig. 2b) , and it is presumed that these micro-abscesses developed in response to invading listeriae.
In the small intestine, terminal ileal PP and the gut wall immediately proximal to them were examined for evidence of intramural infection. In neutrophil-depleted mice, intracellular and extracellular listeria-like bacilli were found within lymphoid follicles (Fig. 3a) . Lymphocytes were conspicuously depleted in the vicinity of these sites of infection. Furthermore, in the PP of neutropenic mice, some listeriae were associated with dendritic-like cells characterised by their prominent processes and densely staining cytoplasm and nucleoplasm. L. monocytogenes was also found intramurally in the ileal wall at sites remote from these lymphoid nodules (Fig. 3b) .
A comprehensive examination of the small intestinal wall of control infected mice revealed the infrequent presence of small focal accumulations of neutrophils in the PP at sites corresponding to sites of conspicuous infection in neutropenic mice (Fig. 4) . Bacteria were rarely found in these micro-abscesses. Again, this result was expected given the paucity of viable listeriae that could be cultured from either PP or gut wall in infected immunocompetent mice (Tables  1 and 2 ). Finally, extensive infectious foci containing scattered intracellular and extracellular listeriae were also found in lymphoid nodules in the large intestines of neutropenic, but not control infected mice (Fig. 5a) .
In control mice, as in ileal PP, small granulocytic micro-abscesses containing small numbers of bacteria were evident in bowel lymphoid tissue (Fig. 5b) .
Thus, at all gut sites examined, the failure of neutrophils to accumulate at foci of intramural L. monoc~ltogenes infection allowed the organism to multiply apparently unchecked. In contrast, the focusing of granulocytes at the same sites in control mice correlated with severely restricted bacterial growth.
Discussion
The results of the present study show that neutrophils and TNFa are essential for early host defence against gastrointestinal as well as systemic stages of orally initiated listeriosis. In the absence of neutrophils or TNFu, far more listeriae were recovered from all gastrointestinal compartments by day 3 of orally initiated infection than from the same sites in control mice. This implies that L. inonocytogenes multiplied essentially unrestrictedly in the GI tracts of mice depleted of neutrophils or deprived of TNFu. In immunocompromised mice, in addition to uncontrolled proliferation of initially invading listeriae, redissemination of bacteria from heavily infected livers and spleens back into the gut lumen might also serve to perpetuate enteric infection, as reportedly happens in murine typhoid [26] . Histological examination revealed that many of the listeriae that remained associated with the gut wall of neutropenic mice, and presumably of mice deprived of TNFa, after rigorous washing of the gastrointestinal lumen, were growing intramurally. These organisms probably represent the progeny of the luminal bacteria that invade the gut wall, but which are normally rapidly inactivated by neutrophil-and TNFu-dependent defences. In keeping with this interpretation, focal accumulations of neutrophils were found in the gut wall in control mice at sites of L. monocytogenes infection, and bacterial proliferation was severely restricted therein. The failure to find many bacteria at these sites in control mice is not surprising, given the demonstrated paucity of viable organisms associated with the gut walls of these mice generally. Moreover, this finding is in keeping with those of others [27] 
